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a b s t r a c t
The reduction potential of a cell is related to its fate. Proliferating cells are more reduced than those that
are differentiating, whereas apoptotic cells are generally the most oxidized. Glutathione is considered
the most important cellular redox buffer and the average reduction potential (Eh) of a cell or organism
can be calculated from the concentrations of glutathione (GSH) and glutathione disulﬁde (GSSG). In this
study, triplicate groups of cod larvae at various stages of development (3 to 63 days post-hatch; dph)
were sampled for analyses of GSSG/2GSH concentrations, together with activities of antioxidant
enzymes and expression of genes encoding proteins involved in redox metabolism. The concentration
of total GSH (GSHþGSSG) increased from 6107100 to 12607150 μmol/kg between 7 and 14 dph and
was then constant until 49 dph, after which it decreased to 8107100 μmol/kg by 63 dph. The 14- to 49-
dph period, when total GSH concentrations were stable, coincides with the proposed period of
metamorphosis in cod larvae. The concentration of GSSG comprised approximately 1% of the total
GSH concentration and was stable throughout the sampling series. This resulted in a decreasing Eh from
23971 to 26277 mV between 7 and 14 dph, after which it remained constant until 63 dph. The
changes in GSH and Eh were accompanied by changes in the expression of several genes involved in
redox balance and signaling, as well as changes in activities of antioxidant enzymes, with the most
dynamic responses occurring in the early phase of cod larval development. It is hypothesized that
metamorphosis in cod larvae starts with the onset of mosaic hyperplasia in the skeletal muscle at
approximately 20 dph (6.8 mm standard length (SL)) and ends with differentiation of the stomach and
disappearance of the larval ﬁnfold at 40 to 50 dph (10–15 mm SL). Thus, metamorphosis in cod larvae
seems to coincide with high and stable total concentrations of GSH.
& 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Atlantic cod (Gadus morhua) is an ecologically important apex
predator in the North Atlantic ocean [1] and has a high commercial
value in both wild ﬁsheries and aquaculture [2]. Cod larvae hatch as
immature organisms, still relying on their yolk sac for 3 to 5 days
before ﬁrst feeding, which occurs at 4- to 5-mm standard length
(SL) [3,4]. Several organ systems undergo further development
during the larval stages. Larval muscle development is divided into
a period of stratiﬁed hyperplasia, which continues from the late
embryonic stage, followed by a period termed mosaic hyperplasia,
which extends from later in the larval stage into the adult stage
[5–7]. Early larvae have a tube-like digestive tract and lack a
stomach. Adult-type digestive enzymes such as amylase, proteases,
and lipases appear successively, with all being present by approxi-
mately 50 days post-hatch (dph), depending on temperature and
feeding conditions [8–11]. In the same period, skin and skin
pigmentation, bone, scales, osmoregulatory capacity, gills, and other
systems develop into the adult forms, as in ﬁsh in general [12–18].
Peak metamorphosis, traditionally deﬁned as the disappearance of
the larval ﬁnfold, occurs at 15 mm SL in cod and coincides with the
appearance of the stomach and pyloric caeca [19].
The redox environments of cells and organisms are under strict
control through regulation of the concentrations and ratios of
several redox couples, the major systems being the glutathione
(GSH) couple (glutathione disulﬁde (GSSG)/2GSH), the cystine/
cysteine couple (CysSS/2CysSH), and the thioredoxin couple (Trx
(SS)/2Trx(SH)2) [20]. GSSG/2GSH is considered the most important
redox couple and is present in all cells in millimolar concentra-
tions, usually at ratios higher than 100:1 [21]. The extracellular
CysSS/2CysSH pool is larger and more oxidized than the GSSG/
2GSH pool [20]. Thioredoxin (Trx) is a protein involved in reduc-
tion of inter- and intraprotein disulﬁdes, in contrast to GSH, which
reduces small disulﬁde molecules and reacts directly with reactive
oxygen species (ROS). The thioredoxin system is the third most
important couple involved in determining cellular reduction
potentials. TrxSS is reduced by thioredoxin reductase (Trxrd) at
the expense of NADPH. The three couples are not at equilibrium,
have different reduction potentials, and appear to be regulated
independent of each other [20]. Evidence suggests that the redox
environment regulated by these and perhaps other redox couples
controls the oxidation states of protein thiols and consequently the
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amount of intra- and extra-S-S bonding, glutathionylation, and
phosphorylation of proteins. Changes in the three-dimensional
conformation along with the addition of side chains to proteins,
mediated by these reactions, change their activity [21,22]. Regula-
tion of the average reduction potential (Eh) can therefore modulate
signaling pathways and hence change cell fate. This is in accor-
dance with the ﬁnding that proliferating cells have a lower Eh (are
more reduced) than differentiating cells [23,24] and that apoptosis
occurs under the least reduced, and thus most oxidized, cellular
conditions [22,25–27].
ROS in low concentrations act as signaling molecules in normal
metabolism. The main ROS generated by external signals and cell
metabolism is the superoxide anion (O2). Superoxide anion
signaling is often mediated by NADPH oxidases (Nox’s), whereas
the superoxide dismutases (SODs) are involved in regulating O2
by metabolizing it to hydrogen peroxide (H2O2). In turn, H2O2 is a
major redox signaling molecule that can diffuse through biological
membranes [20] and is reduced to water by the antioxidant
enzymes glutathione peroxidase (GPx) and catalase (Cat). In
addition, reactive nitrogen species and lipid oxidation products,
such as hydroxyl nonenal, participate in redox signaling [20]. The
oxidants all participate in the regulation of the cellular reduction
potential, perhaps in local microenvironments, and can, even at
low concentrations, have profound effects on metabolism [20].
Larval ontogeny involves cell differentiation when the various
organs and tissues form, proliferation when they grow, and apoptosis
when larval-type tissue is replaced by adult-type tissue [28,29].
Therefore, one can hypothesize that the redox balance during larval
development is spatially and temporally dynamic to allow for these
processes to occur, in line with our recent study on the ontogeny of
the redox balance in cod embryos [30]. Timme-Laragy et al. [31]
investigated glutathione redox dynamics in zebraﬁsh embryos and
concluded that ontogeny occurs in distinct phases of development
accompanied by changes in organismal reduction potentials, also in
line with the above-mentioned hypothesis. To explore this hypoth-
esis for the development of cod larvae, we have measured the
concentration and ratio of the GSSG/2GSH couple, the activities of
antioxidant enzymes, and the mRNA of genes involved in ROS
metabolism and in GSH and protein thiol metabolism, and we have
calculated the reduction potential during cod larvae development. To
monitor cell cycle progression and cellular stress, we examined the
mRNA expression of the cell-cycle-regulating proteins ccne2, cdk2,
pcna, p53, and ccar1 and the heat shock proteins hsp90A, hsp70, and
stip1; and we analyzed myod, myog, and pax7 as markers of muscle
development.
Materials and methods
Cod larvae
Atlantic cod (G. morhua) larvae were sampled from three
production tanks at a commercial hatchery (Cod Culture Norway,
Rong, Norway). The ﬁsh were maintained in accordance with the
Animal Welfare Act of 20 December 1974, No. 73, Section 20–22,
amended 19 June 2009. Eggs were collected from a natural
spawning brood stock population containing a large number of
individuals (55 females and 39 males) and therefore probably
originated from several parents. Eggs were incubated for 15 days
at 7 1C, and upon hatching larvae were transferred to three start-
feeding tanks (diameter 3 m, depth 1 m, volume 7000 L) and fed
rotifers (Brachionus plicatilis) from 3 dph. Formulated diet (Gemma
Micro, Skretting, Norway) was introduced to the cod larvae
at 18 dph and co-fed with rotifers until 30 dph. From 31 dph on,
the larvae were fed solely on the formulated diet. The water
temperature in the sampling tanks was raised incrementally from
7.171.0 1C at 3 dph to 11.270.5 1C by 17 dph, at which it was
maintained for the rest of the sampling period. Larval tank oxygen
saturation was maintained between 84 and 97% during the trial
period by an automated aeration system.
Sampling procedures
Pooled samples of whole larvae were taken from the three
tanks at every sampling point from 3 to 62 dph. The SL (from the
tip of the nose to the end of the notochord) of the sampled larvae,
together with the dietary regime, is given in Fig. 1. The growth was
characterized as good compared to other trials with intensively
reared larvae [32] and the survival of the population from
fertilized eggs to juveniles ready for sale was 25% (Espen Grøtan,
Cod Culture Norway, personal communication), indicating healthy
larvae. This series of samples was also used for a study of the
ontogeny of lipid digestive enzymes [10,11]. Fish were collected
from approximately 40 cm below the surface and from the areas in
the tank with the highest ﬁsh densities. The larvae were ﬁltered
using a plankton net screen, which was patted dry from under-
neath with a paper towel to remove excess water from the larvae.
All larvae were killed by inserting a needle through the brain.
The whole larvae were then collected in 1.5-ml Eppendorf tubes
and the samples processed immediately. For RNA extraction the
whole larvae were pooled (0–13 dph, 15 larvae per tank; 20–
34 dph, 10 larvae per tank; 48 dph, 7 larvae per tank; 62 dph,
1 larva per tank) and homogenized with a micropestle in Eppen-
dorf tubes containing 1 ml Trizol (Invitrogen Life Technologies,
Carlsbad, CA, USA), frozen on dry ice, and stored at 80 1C until
RNA extraction. For enzyme activities and GSSG/2GSH concentra-
tions, larvae were ﬂash-frozen in liquid nitrogen without any
treatment. At every sampling point, standard length (minimum
n¼10 ﬁsh/tank) was measured. All ﬁsh sampled for measuring
length (SL) were euthanized with an overdose of metacaine (MS-
222TM; Norsk Medisinaldepot AS, Norway) dissolved in seawater.
RNA extraction and qPCR
The samples stored in Trizol were thoroughly homogenized
using a Precellys 24 (Bertin Technologies, Montigny le Bretonneux,
France). Total RNA was extracted using Trizol reagent (Invitrogen,
Life Technologies), according to the manufacturer’s instructions.
Isolated RNA was diluted in RNase-free double-distilled water
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Fig. 1. Standard length (SL mm, mean7SD; mean values are given above the
points) and periods of diet administration for larvae sampled for analyses.
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(ddH2O) to 200 ng/μl and treated with DNA-free TM (Ambion)
according to the manufacturer’s description. The concentration
and purity of the RNA were assessed with the NanoDrop ND-1000
UV/Vis spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). The OD260 nm:OD280 nm ratios for total RNA samples
ranged between 1.87 and 2.06. Integrity of the RNA was analyzed
in 12 randomly chosen samples using the Agilent 2100 bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA) and the RNA 6000 Nano
LabChip kit (Agilent Technologies). RNA integrity numbers [33,34]
were between 8.9 and 10.
RT-PCR was run in duplicates on a 96-well plate. Twofold serial
dilutions of total RNA in triplicates were run for efﬁciency
calculation, ranging from 1000 to 31 ng/μl. Total RNA input for
each reaction was 500 ng/well. No-template controls and RT
controls (a reaction without RT enzyme) were run for each assay.
Plates were run on a GeneAmp PCR 9700 (Applied Biosystems,
Foster City, CA, USA) using TaqMan reverse transcription reagent
containing Multiscribe reverse transcriptase (50 U/μl; Applied
Biosystems). Reverse transcription was performed at 48 1C for
60 min by using oligo(dT) primers (2.5 μM) for all genes in 30 μl
Fig. 2. PCA plots of unﬁltered (A) gene expression and (B) enzyme activity data of cod larvae. Gene expression and enzyme activity data obtained after (A) 3–62 and (B) 11–
63 days post-hatch, respectively, were visualized by PCA without prior statistical ﬁltering. The colored nodes represent days post-hatch as indicated by the key. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Gene abbreviation, GenBank accession number, forward and reverse primer sequences, primer amplicon size, and qRT-PCR efﬁciency for reference and target genes analyzed.
Abbreviation Accession No. Forward primer Reverse primer Amplicon size PCR eff.
Reference genes
Ubiquitin EX735613 GGCCGCAAAGATGCAGAT CTGGGCTCGACCTCAAGAGT 69 2.06
rpl37 EX738140 CCGAGAAGCGCAAGAGAAAG GGTGGTACCTTCCCGGAATC 131 1.82
hsp90β EX730769 CGTGGCGTGGTGGACTCT GACTATGTTCTTGCGGATGACCTT 96 1.91
Target genes
gpx1 EX725875 CCAAATATGGACGGCATAGGA CAAACGCTACAGCCGGAACT 101 1.95
gpx3 EX724801 CGTTCTCGGGTTTCCCTGTA GCTCAAACAGCGGGAACGT 125 1.95
gpx4b EX721840 CCCTGTGGAAGTGGCTGAAG CATCCAAGGGTCCGTATCTCTT 129 2.02
glrx3 EX727686 GATCTGAATGAGCGCCTGAAG GAAGCTGCTGAACTGGATGCT 144 1.91
trx1 EX729450 ACCGCAACGTGGTCTTCCT ATTCGCCCCAGCAAAGTTATC 134 1.99
trxrd3 EG641174 AGACTCCAAACGGTCAGGAGGTA GAGTTCACCGTGGCCAACA 126 2.03
gclc ES480178 CGAGAACGAGTCCGATCACTT GTCAGTCAGCTGCACCTCCAT 133 2.02
gr EX728920 TCACGCTCACCACCAAGGA GTGTGGAGGCCAGTCGTGTT 121 1.86
nox1 EX727949 GCCTATATGATTGGCCTGATGAC GCTGTGCTGAGTGGGTCGTA 107 2.00
Mnsod GE905819 ATGTGGCCTCCTCCATTGAA GCATCACGCCACCTATGTCA 129 1.96
CuZnsod CO541611 CATGGCTTCCACGTCCATG CGTTTCCCAGGTCTCCAACAT 133 1.94
cat DQ270487 GCCAAGTTGTTTGAGCACGTT CTGGGATCACGCACCGTATC 101 2.00
mt CO542775 CCTTGCGACTGCACCAAGA CAGTTTAGGCAGGTGCATGATG 62 1.95
hsp70 EX741726 CATGACATCGTCCTGGTTGGT CGTAGGCCACAGCTTCATCA 121 1.95
hsp90a EX732872 GGCTGGACCGCCAACA GTGCTTCTTAGCCGCCATGT 87 1.91
ccar1 EG632414 GCTGGAGCATCTCGTTGAAGA GGCAAGTTCGACTGCAGCAT 121 2.03
stip1 EX734107 CCGGGATGCTAAGCTCTTCA CCTTGCGTGTGTACCCTTTGA 131 1.95
ccne2 4GmE090818r4687 TGGCACAACATGCTGGAAAA ACCTCCATGAGCCAATCCAA 116 1.95
4 isotig18352
cdk2 gene¼ isogroup11902 ACCCCCAACAACGACATCTG AGGCCGTTCTTGTCCAGGTT 119 2.14
pcna EX735558 ACTCCTACCGCTGCGACAGA CGAGCGTGTCAGCATTGTCT 126 1.84
p53 EX723548 CGCTGCTGCTGAACTTCATG GGATGGCTCTCCGGTTCAT 63 2.04
myog 4GmE090818r6461 ACTGCTCCGACGGCATGA CTGGAAATGACCGATTTTTTGC 116 1.90
myod1h1 JQ582407 CGCTGAAGAGGAGCACCCTGATG TCCTGCTGGTTGAGCGAGGAGAC 121 1.73
pax7 JQ619515 CGTGTTGAGGGCCCGGTTTGGCA CCTCGTCTGTGCGGTTGCCTTTA 131 1.81
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total volume. The ﬁnal concentrations of the other chemicals in
each RT reaction were MgCl2, 5.5 mM; dNTPs, 500 mM each; 10
TaqMan RT buffer, 1 ; RNase inhibitor, 0.4 U/μl; and Multiscribe
reverse transcriptase, 1.67 U/μl. See Table 1 for a list of the primers
use for PCR.
The cDNA from each RT reaction was pipetted in duplicates into
384-well plates and qPCR run using TaqMan Universal PCR Master
Mix (Applied Biosystems) and 50 μM forward and reverse primers.
Real-time PCR was run on the LightCycler 480 Real-Time PCR
System (Roche Applied Sciences, Basel, Switzerland), with a 5-min
activation and denaturation step at 95 1C, followed by 40 cycles of
a 15-s denaturing step at 95 1C, a 60-s annealing step, and a 30-s
synthesis step at 72 1C. The annealing temperature was 60 1C for
all primer pairs.
For the mean normalized expression (MNE) calculations of the
target genes, the geNorm VBA applet for Microsoft Excel 97 was
used to calculate a normalization factor based on three reference
genes [35]. Ubiquitin, RPL37, and HSP90B were the selected
reference genes based on Olsvik et al. [36] and Saele et al. [37],
and the normalizing factor calculated from these genes was used
to calculate the MNE for each of the target genes.
Enzyme activity and GSSG/2GSH concentration analysis
To assess the redox status of the developing cod larvae, the
concentrations of total glutathione (tGSH; GSHþGSSG) and GSSG
and the enzyme activities of total superoxide dismutase (Mn and
CuZn SOD; tSOD), Cat, and GPx were analyzed.
Supernatants were prepared and analyzed for enzyme activi-
ties in a manner similar to that in [30]. Brieﬂy, frozen samples
(128756 mg, mean7SD, n¼23) were placed in Eppendorf tubes
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Fig. 3. Total glutathione (tGSH, GSHþGSSG), glutathione disulﬁde (GSSG), reduction potential (Eh), and activities of glutathione peroxidase (GPx), total superoxide dismutase
(tSOD), and catalase (Cat) during ontogeny of cod larvae from 7 or 11 until 63 days post-hatch. Open circles indicate the GSSG/2GSH concentrations and E just before hatching
[30]. Data are given as the mean7SD, n¼3, except for GSSG and Eh at 7 and 14 dph, for which n¼2, owing to values of GSSG below the detection limit of the method. GSSG/
2GSH and Eh data were analyzed separately with ANOVA for two periods, 0–20 and 20–63 dph, whereas enzyme activities were analyzed as one dataset. Signiﬁcant
differences determined with ANOVA are marked: *po0.05; **po0.01.
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(2 ml), a 7 volume of ice-cold homogenization buffer (50 mM
potassium phosphate, 0.95 mM EGTA, pH 7.2) was added, and the
sample was homogenized with a ball mill (30 shakes/s for 1 min;
Retsch MM301 ball mill, Haan, Germany). The homogenate was
then centrifuged (5 min, 1500g, 4 1C). For tSOD analysis, a 100-μl
aliquot of the clear upper layer was transferred to a new tube and
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Fig. 4. Gene expression of glutathione and SH-group metabolic enzymes during ontogeny of cod larvae from 3 until 62 days post-hatch. Data are given as the mean7SD,
n¼3, except at 48 dph, for which n¼2, owing to loss of one replicate during analysis. The data were analyzed with ANOVA for two periods, 0–20 and 20–63 dph. MNE, mean
normalized expression. Signiﬁcant ANOVAs are marked: *po0.05; **po0.01; ***po0.001. See Table 2 for explanation of gene abbreviations.
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100 μl of ice-cold buffer (50 mM potassium phosphate, pH 7.2,
400 mM mannitol, 130 mM sucrose, 0.95 mM EGTA) was added.
The remaining homogenate was then centrifuged further (15 min,
10,000g, 4 1C). For Cat analyses the clear supernatant was used
without further modiﬁcation. For GPx analyses, 100 μl of the clear
supernatant was added to 50 μl of ice-cold buffer (50 mM potas-
sium phosphate, pH 7.6, 10 mM EDTA, 3 mM dithiothreitol) in a
new tube.
For GSH analyses, frozen samples (5572 mg) were placed in
tubes along with a 1 volume of ice-cold saline buffer (9 g/L NaCl
in ddH2O) and homogenized as described above. Metaphosphoric
acid solution (5% w/v) was then added to the tubes (600 μl), and
the tube was shaken by hand and centrifuged (15 min, 10,000g,
4 1C), and the clear supernatants were transferred to new tubes.
Samples for GSSG (5273 mg) were treated as for tGSH samples,
except an additional 50 μl ice-cold scavenger (N-ethylmaleimide
pyridine derivative solution, Cat. No. GT40c; Oxford Biomedical
Research, Oxford, UK) was included before homogenization. All
extracts were frozen on dry ice immediately upon preparation and
stored at 80 1C for a maximum of 1 month before analysis.
The SOD, GPx, and Cat activities were analyzed with commer-
cial kits (Items 706002 (SOD), 703102 (GPx), 707002 (Cat); Cay-
man Chemical Co., Ann Arbor, MI, USA). The GSH and GSSG were
analyzed with a commercial kit (Product No. GT40; Oxford
Biomedical Research). Total protein concentrations of supernatants
for enzymes were measured with a Coomassie brilliant blue
reagent kit (Bio-Rad Laboratories, Hercules, CA, USA). All samples
were analyzed spectrometrically for absorbance in ELISA plates
with a microplate reader (iEMS Reader Ms; Labsystems, Finland)
measuring tSOD at 450 nm, GPx at 340 nm, Cat at 531 nm, GSSG/
2GSH at 405 nm, and protein at 531 nm.
Calculations and statistics
The two-electron half-cell reduction potential of the GSSG/2GSH
redox couple was calculated according to the Nernst equation,
Eh ¼ E00RT=nF ln ð½GSH2=½GSSGÞ;
where the concentrations of GSH and GSSG are given in mol/kg and
Eh is given in volts. E00 is the standard reduction potential at pH 7 and
25 1C and was assumed to be 0.240 V [22,25]. The measurements
are the average of whole larvae and do not take into account that the
reduction potential varies between organs and between organelles
within the cells [22,25,38,39]. Principal component analysis (PCA)
was performed using Qlucore Omics Explorer 2.3 (Qlucore AB, Lund,
Sweden). Based on the outcome of the PCA, the ontogeny data on
gene expression, GSSG/2GSH, and Eh were divided into early (0–
20 dph) and late (20–62 dph) development and analyzed separately.
The data on enzyme activity were analyzed as one time series. Data
that met the assumptions of parametric tests were subjected to
ANOVA and Tukey’s post hoc test in Statistica (version 11; Statsoft,
Inc., Tulsa, OK, USA). Data that violated the assumptions of para-
metric tests were analyzed with robust ANOVA and robust post hoc
tests [38] using the package WRS (version 0.21) in R (version 3.0.1).
Product-moment and partial correlations were performed on 0- to
20-dph gene expression data, using Statistica. Data are presented as
means7SD, and differences were considered signiﬁcant at po0.05.
Results
Patterns of gene expression and enzyme activities changed
during ontogeny, as shown by PCA (Fig. 2). The results on gene
Table 2
Gene abbreviation, name, and gene product function for the target genes analyzed.
Abbreviation Name Function Ref.
gpx1 Glutathione peroxidase 1 Reduces hydrogen peroxide to form water, localized in the cytosol and in the mitochondria [56]
gpx3 Glutathione peroxidase 3 Reduces hydrogen peroxide, localized in the extracellular ﬂuid, kidneys, and embryonic tissues [56]
gpx4b Glutathione peroxidase 4b Reduces phospholipid hydroperoxide, localized in membranes, various isoforms [53]
gr Glutathione reductase Reduces glutathione disulﬁde to glutathione (GSH), NADPH dependent [56]
gclc γ-Glutamylcysteine
synthetase
Combines Glu and Cys as the ﬁrst step to produce GSH; the rate-limiting enzyme in GSH synthesis [56,57]
trx1 Thioredoxin 1 Small protein that reduces inter- and intramolecular S–S bonds in proteins [20,21]
trxrd Thioredoxin reductase Reduces oxidized thioredoxins [58]
glrx3 Glutaredoxin 3 Cytosolic; reduces glutathionylated protein thiols [20,24]
Mnsod Mn superoxide dismutase Mitochondrial; transforms superoxide into hydrogen peroxide [27,59]
CuZnsod CuZn superoxide dismutase Cytosolic; transforms superoxide into hydrogen peroxide [27,59]
cat Catalase Reduces hydrogen peroxide to form water, mainly localized in peroxisomes [27]
nox1 NADPH oxidase 1 Membrane-bound enzyme that catalyzes superoxide production [27]
mt Metallothionein Cysteine-rich protein that binds metals; involved in Zn metabolism; binds Cu to prevent redox cycling and
protects against Cd toxicity; may act as antioxidant and interacts with GSH; prevents apoptosis
[60]
ccar1 Cell cycle and apoptosis
regulator 1
Involved in binding of coactivators to gene promoters in response to activity of nuclear receptors and
transcription factors; implicated in regulation of cell cycle and stimulation of apoptosis
[49]
stip1 Stress-induced
phosphoprotein 1
Chaperone; forms a complex in which Stip1 acts as a cochaperone; folds newly synthesized proteins and refolds
proteins unfolded owing to, e.g., oxidative stress; may stimulate cell proliferation
[50,51]
hsp70 Heat shock protein 70 Chaperone; forms a complex in which Stip1 acts as a cochaperone; folds newly synthesized proteins and refolds
proteins unfolded owing to, e.g., oxidative stress
[50,51]
hsp90a Heat shock protein 90a Chaperone; forms a complex in which Stip1 acts as a cochaperone; folds newly synthesized proteins and refolds
proteins unfolded owing to, e.g., oxidative stress
[50,51]
ccne2 Cyclin E2 Binds and activates cyclin-dependent kinases [47]
cdk2 Cyclin-dependent kinase E2 Cell cycle regulation; necessary for cells to transverse the G1/S transition in mitosis [47]
pcna Proliferating cell nuclear
antigen
Auxiliary protein of DNA polymerase-δ, essential for mitosis and proliferation [48]
p53 Tumor-suppressing protein
p53
Transcription factor inducing DNA damage-induced transcription, such as inducing reversible cell cycle arrest,
apoptosis, and DNA repair
[52]
myog Myogenin Muscle-speciﬁc transcription factor; a marker of entry of myoblasts into the differentiation pathway in mammals [43]
myod1h1 Myogenic differentiation
factor 1, homolog 1
Muscle-speciﬁc transcription factor; in mammals upregulated in proliferating myoblasts concomitant with
upregulation of pcna
[44]
pax7 Paired box transcription
factor
Marker of muscle-speciﬁc stem cells such as satellite cells in mammals; involved in lineage speciﬁcation [45]
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expression showed that the replicates were well grouped and
separated from one another. There was also a shift in patterns
between early (0–20 dph) and late (20–63 dph) larval stages and
therefore these periods were treated separately in subsequent
statistical analyses. The PCA plot based on enzyme activities was
not as deﬁned as for gene expression, as sampling points over-
lapped to a larger extent. However, there was still a direction of
change with larval age. The data on GSH and reduction potential
(Eh) were also treated separately in early and late larval periods,
whereas enzyme activity data were treated as one dataset for the
whole period or as subsets of data according to the visual
appearance of the graphs.
The concentration of tGSH increased sharply from 7 until
14 dph (Fig. 3 A), from 6107100 to 12607150 μmol/kg (mean7
SD, p¼0.02). After 20 dph, tGSH was constant until 49 dph,
whereafter there was a decrease to 8107100 μmol/kg by 63 dph
(p¼0.02). In contrast, the concentration of GSSG was constant
throughout the larval period at 3.171.4 μmol/kg (mean7SD of all
data, Fig. 3B). This resulted in a decreasing reduction potential
from 23971 to 26277 mV from 7 to 14 dph (p¼0.02,
Fig. 3C). From 14 until 63 dph there were no changes in reduction
potential.
When treating data from the whole period, the activity of GPx
(Fig. 3D) was stable from 11 to 28 dph, increased signiﬁcantly from
28 to 42 dph, and then decreased again from 42 until 63 dph
(p¼0.007). However, when analyzed as data subsets, GPx activity
decreased from 11 to 28 dph (p¼0.04). Total SOD activity (Fig. 3E)
increased from 28 until 35 dph (p¼0.003), whereas Cat activity
(Fig. 3F) was lower during the late (20–63 dph) compared to the
early larval stages (p¼0.03). The GSH and protein–SH-metaboliz-
ing enzymes for which gene expression was measured were gclc;
gpx1, 3, and 4b; gr; trx; trxrd; and glrx3 (Fig. 4; see Table 2 for gene
abbreviations). The expression of gclc, the rate-limiting enzyme
in GSH synthesis, had a characteristic proﬁle, similar to several
other genes in this study, with high expression at 6 and 10
dph compared to 3 and 13 dph (p¼0.01). The expression of gclc
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Fig. 5. Expression of genes involved in metabolism of reactive oxygen species and in regulation of cell proliferation, differentiation, and apoptosis during ontogeny of cod
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decreased from 20 to 62 dph (p¼0.002). The early expression
proﬁles of gpx4b and glrx3 were similar to that of gclc, with peak
expression at 6–13 dph, compared to 3 and 20 dph. However,
because of the large variation, expression of glrx3 at 3 and 13 dph
was not different from that at 6 or 10 dph, and also unlike
gclc, both glrx3 and gpx4b had stable expression between 20
and 62 dph. The cytosolic and extracellular gpx1 and gpx3 both
showed low expression in the early larval stages (0–20 dph).
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The expression of gpx1 decreased between 3 and 20 dph
(p¼5105), increased sharply between 20 and 34 dph
(p¼104), and remained constant thereafter, whereas gpx3
showed gradually increased expression until 62 dph (p¼0.03).
Peak expression of gr occurred at 3 dph from which it decreased
during the early larval phase (0–20 dph, p¼0.02) and was stable
from 20 until 62 dph. Expression of trx1 increased in the early
larval period (p¼7104) and was constant in late larvae,
whereas expression of trxrd was constant until a slight increase
starting in the later larval phase from 34 dph (p¼0.02).
Expression ofMnsod, CuZnsod, cat, nox1, andmtwas measured to
target proteins involved in metabolism of water-soluble ROS (Fig. 5).
mt expressionwas at a minimum at 6 and 10 dph compared to 3, 13,
and 20 dph (p¼5 104). Furthermore, mt expression decreased
slightly between 20 and 48 dph. The cytoplasmic CuZnsod showed
an increase in expression between 3 and 20 dph (p¼0.04) and
thereafter a decrease between 20 and 62 dph (p¼0.004), whereas
the mitochondrialMnsod decreased slightly in the early larval phase
(p¼0.01) and was then stable from 20 until 62 dph. cat showed
higher expression at 10 dph than at 6 and 20 dph. There were no
signiﬁcant changes in the expression of nox1 during larval devel-
opment. The genes ccne2, cdk2, pcna, p53, and ccar1 (Fig. 6) are
important in cell cycle progression. Early expression of ccne2, cdk2,
pcna, and ccar1 was similar to that of gclc with peak expression at
6 and 10 dph (p¼5104 for ccne2, 6105 for cdk2, 0.005 for
pcna, and 0.01 for ccar1). The peak expression of p53 was delayed
compared to gclc and the other cell cycle genes and occurred at 10
and 13 dph (p¼0.0005). After 20 dph there were no signiﬁcant
changes in expression of the cell-cycle-regulating genes. The (co-)
chaperones stip1 (p¼0.03) and hsp70 (p¼0.003) showed peak
expression at 6 and 10 dph compared to 3 and 13 dph (Fig. 6),
similar to gclc (Fig. 4). The expression of hsp90a had a proﬁle
between 3 and 13 dph that was similar to that of gclc, but the
differences were not signiﬁcant (p¼0.05–0.06). The expression of
hsp90a, but not that of the other two chaperone genes, increased
between 13 and 20 dph (p¼2105). All three chaperones had
stable expression between 20 and 62 dph.
The genes myog, pax7, and myod1 are markers of myogenesis
and muscle differentiation (Fig. 7). mRNA of myog increased
(p¼0.008) and that of myod1 decreased (p¼0.006) from 3 to
6 dph and was then stable until 20 dph, whereas pax7 expression
did not change during early development (3–20 dph). From 20 to
63 dph there were no statistically signiﬁcant changes in expres-
sion of myog, possibly because of large variation. pax7 mRNA
decreased (p¼0.009) and myod1 mRNA increased (p¼4104)
during the later larval stages.
Correlation analyses on the gene expression data from 0 to
20 dph (Table 3) showed positive correlations of ccne2 with cdk2
and cdk2 with pcna (R240.72). The expression of all three of these
genes correlated positively with gclc, stip1, and hsp70 and nega-
tively with mt. Furthermore, ccne2 and cdk2 correlated with ccar1,
whereas cdk2 and pcna correlated with gpx4. There were also
signiﬁcant correlations of the heat shock proteins stip1 and hsp70
with mt and gclc.
Discussion
Glutathione concentrations, reduction potential, and larval ontogeny
With regard to redox balance, larval ontogeny seems to occur in
distinct phases, as shown earlier for cod and zebraﬁsh embryos
[30,31]. This is visualized by PCA of the gene expression data, which
separates early (0–20 dph) and late (20–62 dph) development.
Furthermore, the whole-body concentration of tGSH increased from
approximately 500 to 1200 μmol/kg between 7 and 14 dph. During
gastrulation tGSH starts to increase and before hatching, the con-
centration of tGSH in cod embryos reaches 250 μmol/kg [30]. From
14 until 49 dph the concentration of tGSH was constant, followed by
a decrease until 63 dph in this study. Because GSSG was constant, the
change in tGSH led to a change in Eh from a relatively oxidized state
at hatching (approximately 200 mV) [30] to a more reduced state
between 14 and 49 dph (26177 mV, mean7SD of all data). This
falls within the normal range of cell potentials, which is 260 to
200 mV [22,25]. The decrease in tGSH after 49 dph did not give a
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given as the mean7SD, n¼3, except at 48 dph, for which n¼2, as one replicate
was lost during analysis. The data were analyzed with ANOVA for two periods,
0–20 and 20–63 dph. MNE, mean normalized expression. Signiﬁcant ANOVAs are
marked: **po0.01; ***po0.001; ns, not signiﬁcant. See Table 2 for explanation of
gene abbreviations.
K. Hamre et al. / Free Radical Biology and Medicine 73 (2014) 337–348 345
signiﬁcant increase in E, probably because of the large variation in
GSSG. The reduction potential plays a critical role in controlling the
oxidation, reduction, and glutathionylation of protein thiols, which in
turn modulates protein phosphorylation. As a consequence, the
reduction potential is important in determining the activity of a
range of proteins including those within enzyme systems, transcrip-
tion factors, and DNA methylation and posttranscriptional control
mechanisms of gene expression [21–23,25,27]. The magnitude of the
cellular changes can be large, because a change in potential from
260 to 200 mV can give a 100-fold change in protein phosphor-
ylation [22]. Many of the analyzed genes had different expression
patterns before and after 13 or 20 dph, coinciding with the change in
the curve of tGSH concentration.
Cod larvae have absorbed most of their yolk sac and begin
feeding at 4 dph. Because of their immature digestive tract they
are unable to utilize formulated feeds, and in culture they are
normally fed rotifers (live feed) for the ﬁrst 20–30 days [4,32].
In this study, the larvae were offered formulated feed at 18 dph,
which was co-fed along with rotifers until 30 dph. After 30 dph,
the larvae were fed only formulated feed. However, the shifts in
GSH concentrations and Eh did not coincide with change of feed.
Metamorphosis in cod is deﬁned as the time of absorption of
the larval ﬁnfold at 15 mm standard length [40], which occurred
when the cod larvae were at 48 dph in this study. However
metamorphic changes in organ systems occur during a distended
period [19], which is currently not well described. Because the
muscle represents 40–60% of ﬁsh biomass [7], it has an important
contribution to results from measurements in whole larvae.
Muscle development has been extensively studied in herring
larvae [5,6]. After hatching, there is a period of stratiﬁed hyper-
plasia, in which stem cells in discrete germinal zones at the edge of
the myotome undergo asymmetric cleavage. One daughter cell
migrates into the myotome to form myogenic progenitor cells.
The second phase of myogenesis is called mosaic hyperplasia, in
which myogenic progenitor cells scattered in the myotome con-
tinue to proliferate in parallel with differentiation, e.g., fusions of
cells and hypertrophy of individual muscle ﬁbers. The two types of
muscle growth overlap during metamorphosis; however, stratiﬁed
hyperplasia is exhausted in early juveniles, whereas mosaic
hyperplasia continues until the ﬁsh has reached 40% of its
maximal length [5]. Stratiﬁed hyperplasia gives a relatively slow
increase in muscle mass, whereas mosaic hyperplasia leads to a
large increase in number and cross-sectional area of ﬁbers within
the muscle [6,41], manifesting itself in a high larval growth rate.
Our hypothesis is that mosaic hyperplasia in cod started around
20 dph in this study and that this was the reason for the apparent
two phases of ontogeny. Galloway et al. [42] studied muscle
development in Atlantic cod; however, the larvae were kept only
until 31 dph. The larval growth was slower than in the present
study, and the largest sampled larvae were 8 mm SL. The period of
stratiﬁed hyperplasia was conﬁrmed, and there was a large
increase in dry weight per larva and total cross-sectional area of
muscle ﬁbers after 17 dph, supporting the hypothesis of a shift in
muscle metabolism. These authors also marked the beginning of
metamorphosis as the appearance of dorsal ﬁn rays at 20 dph.
We measured mRNA of the myogenic transcription factors
myod and myog and the muscle-speciﬁc stem cell marker pax7,
to verify the hypothesis of a shift in muscle ontogeny. According to
ﬁndings in mammals, myod is a marker of proliferating myoblasts,
whereas myog is a marker of myoblast differentiation [43,44].
In general, the expression proﬁles found here were not in line with
mammalian results, but ﬁsh may express the markers differently.
The expression of myod was low before 20 dph and then started to
increase, perhaps as a result of beginning mosaic hyperplasia. pax7
was high early in development and decreased with age, in line
with ﬁndings in mice [45].
The differentiation of the stomach is completed around 40 dph
(10 mm SL) in cod [19]. Kamisaka and Rønnestad [46] found that
the growth of the digestive tract tissue was slow before the
stomach had been formed and increased substantially thereafter.
The digestive tract represents only about 5% of body mass, so any
changes in gene expression in this organ will be diluted when
whole larval bodies are analyzed, as in this study. If the appear-
ance of ﬁn rays and start of mosaic hyperplasia mark the beginning
of metamorphosis and the formation of the stomach, and disap-
pearance of the larval ﬁnfold at 40–50 dph marks the end of
metamorphosis, this correlates with the period of high tGSH in the
present study.
Early ontogeny of gene expression (0–20 dph)
The mRNA expression of the rate-limiting enzyme in GSH
synthesis, gclc, was high at 6 and 10 dph compared to 3 and
13 dph. The relatively high expression of gclc at 6 and 10 dph is in
agreement with the increase in tGSH concentration between 4 and
14 dph. When tGSH concentration stabilized between 14 and
49 dph, gclc expression was gradually decreasing. An early proﬁle
similar to that of gclc was seen for genes coding for proteins
involved in cell cycle progression (ccne2, cdk2, pcna, and ccar1) and
for the chaperones (stip1, hsp70, and hsp90a). However, hsp90a
showed a prominent increase in expression between 13 and
20 dph, in contrast to the other mentioned above. Cyclin E2 (coded
by ccne2) in complex with cyclin-dependent kinase 2 (cdk2) peaks
during the G1/S phase of mitosis and is thought to be rate limiting
in cell cycle progression [47], whereas Pcna is widely used as a
marker of proliferating cells [48]. Ccar1 has been implicated in
stimulation of apoptosis and cell proliferation [49]. Stip1 is a
cochaperone, which is necessary for formation of the chaperone
complex between Hsp70 and Hsp90 [50]. The best known function
of the chaperones are folding of newly synthesized proteins or
Table 3
Correlations in expression of selected genes at 0–20 dph.
ccne2 cdk2 pcna p53 gpx4 gclc mt stip1 hsp90a hsp70 ccar1
ccne2 1.00 0.72 0.45 0.16 0.41 0.76 0.55 0.69 0.09 0.63 0.59
cdk2 0.72 1.00 0.74 0.03 0.64 0.72 0.72 0.81 0.04 0.87 0.79
pcna 0.45 0.74 1.00 0.20 0.66 0.53 0.66 0.51 0.12 0.62 0.38
p53 0.16 0.03 0.20 1.00 0.51 0.51 0.15 0.50 0.59 0.33 0.23
gpx4 0.41 0.64 0.66 0.51 1.00 0.26 0.39 0.35 0.41 0.27 0.36
gclc 0.76 0.72 0.53 0.51 0.26 1.00 0.48 0.89 0.41 0.71 0.63
mt 0.55 0.72 0.66 0.15 0.39 0.48 1.00 0.55 0.34 0.79 0.46
stip1 0.69 0.81 0.51 0.50 0.35 0.89 0.55 1.00 0.25 0.80 0.86
hsp90a 0.09 0.04 0.12 0.59 0.41 0.41 0.34 0.25 1.00 0.03 0.07
hsp70 0.63 0.87 0.62 0.33 0.27 0.71 0.79 0.80 0.03 1.00 0.77
ccar1 0.59 0.79 0.38 0.23 0.36 0.63 0.46 0.86 0.07 0.77 1.00
Boldface numerals indicate a signiﬁcant correlation (Spearman rank, po0.05).
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refolding of proteins denatured as a result of stress, for example,
oxidative stress [50,51]. The similarity in the mRNA expression
proﬁles of these genes with gclc can be interpreted as a link
between GSH synthesis and the development of the reduction
potential to the general cell cycle machinery.
The early mRNA expression proﬁle of mt was approximately the
inverse of the gclc proﬁle. The peak expression of p53 was 4 days
delayed compared to the other cell-cycle-regulatory genes, the
chaperones and mt. Target genes of p53 regulate cell cycle progres-
sion, modulate DNA repair, and induce apoptosis [52]. A delayed peak
expression was also found for gpx4b, a glutathione peroxidase that
reduces lipid hydroperoxides [53]. The expression proﬁles of these
genes may indicate that the cod larvae encountered oxidative stress
during the ﬁrst 20 days of development, causing DNA damage and
reactions of DNA repair, cell proliferation, and apoptosis to replace
damaged cells. Oxidative stress that is compensated for may happen
in parallel with a well-balanced cellular redox environment and the
compensation in itself may lead to changes in gene expression.
Alternatively, the high expression early in development may be
coupled to proliferation of myogenic progenitor cells during stratiﬁed
hyperplasia. Further studies are needed to elucidate this.
The early expression proﬁles of gpx1, gpx3, and gr were low and
decreasing and in agreement with the highly reduced state of the
GSSG/2GSH redox couple and the lowering of E. The increasing trx1
expression may be a parallel to the increase in GSH concentration,
leading to a more reduced cellular environment. The glrx3 expression
was again similar to expression of gclc and the proposed representa-
tives of the cell cycle apparatus, although because of large variation
the only signiﬁcant differences were between 20 and 6–10 dph. An
increased expression of CuZnsod may have favored increasing con-
centrations of H2O2 in the larvae during early development, which
may have been part of the redox signaling.
Late ontogeny of gene expression (20–62 dph)
The redox-related genes that showed changes in expression
during late larval stages were gpx1, gpx3, gclc, trxrd, CuZnsod, and
mt. Both gpx1 and gpx3 showed increased expression, whereas
CuZnsod decreased, perhaps indicating decreased H2O2 signaling.
The expression of gclc decreased, corresponding to the decrease
in tGSH.
Enzyme activities (0–63 dph)
Enzyme activities and gene expression did not correlate well in
this study, as was the case in the study of redox regulation through
embryogenesis by Skjaerven et al. [30]. The half-lives of various
proteins can vary from minutes to days, whereas the degradation
rate of mRNA would fall within a much tighter range (2–7 h for
mammalian mRNAs versus 48 h for proteins [54]). The mammalian
CuZnSOD protein has been found to be extremely stable, with a
half-life of 25 to 100 h [23,55]. If a similar stability is found in cod, it
is not surprising that the activities of this long-lived protein and the
short-lived mRNA do not correlate in the current study. GPx activity
is a measure of the sum of the activities of various GPx isoforms,
which show differences in ontogenetic mRNA expression in this
study. However, both GPx and tSOD activities showed an increase
after 28 dph, which coincided with the suspension of rotifers from
the diet, after which the larvae were fed only formulated feed.
Conclusions
This study is a descriptive ﬁrst approach to investigate the link
between redox regulation and cod larval development. The ontogeny
series appears to be divided into two main phases, the ﬁrst of which
(0–20 dph) is characterized by a sharp increase in tGSH, decrease in
average whole-body Eh, and dynamic changes in gene expression,
which indicate a link between redox signaling and cell cycle
regulation. The second phase occurs during later development (20–
62 dph), in which there are relatively few changes in gene expres-
sion. It is proposed that the increase in tGSH concentration and
decrease in Eh between hatching and 20 dph coincide with the
period when muscle-stratiﬁed hyperplasia is the dominating process
of myogenesis. Metamorphosis appears to start with the onset of
mosaic hyperplasia and end with differentiation of the stomach and
disappearance of the larval ﬁnfold and seems to coincide with the
period of high and stable tGSH concentration in this study.
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